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ABSTRACT
The purpose of this study is to evaluate the life cycle, embodied energy, and
sustainability potential for large scale additive manufacturing of 3D printed homes.
Additive manufacturing is the process of selectively depositing materials using a 3D
printing process, which optimizes material usage and reduces waste. I performed a
preliminary Cradle to Cradle Life Cycle Analysis for constructing 3D printed homes
using a bio-based material, poly-lactic acid (PLA) filled with wood flour. For purposes of
this study, I consider the Life Cycle Analysis to be the environmental assessment of each
stage of a product’s life cycle, from material sourcing, processing, printing, functional
life, to end of life.
As this is an emerging industry, there have been only a few projects nationwide
using 3D printers to construct single family homes at full scale. The Life Cycle Analysis
will address 3D printed homes and the construction industry’s dire need to adopt
sustainable practices at large. I will analyze potential savings in terms of improvements in
sustainability.
I will also review available methodology and standards of Life Cycle Analyses to
evaluate the emerging practice of using novel bio-based materials in construction.
Specifically, bio-based materials for large area additive manufacturing. This Life Cycle
Analysis involves evaluation of embodied energy of bio-based composite materials,
sourcing of materials, and processing of materials and printing of 3D printed houses,
expected functional lifespan including maintenance, and considerations such as
transportation and end of life disposal of materials in comparison to traditional stick-built
homes.
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IMPORTANT DEFINITIONS

Life Cycle Assessment (LCA) – For the purpose of this research, a life cycle analysis is
the environmental assessment of each stage of a product’s life cycle; from material
sourcing, processing, printing, functional life, to end of life. The International
Organization for Standardization, or ISO, has two primary standards that define a
legitimate Life Cycle Analysis. These standards are ISO 14040 and ISO 14044.
Life Cycle Inventory Analysis (LCI) – A life cycle inventory analysis. This Life cycle
inventory analysis is an itemized list of all of the inputs and outputs of each material that
makes up the product.
Polylactic Acid (PLA) – Polylactic Acid is a thermoplastic polyester; its chemical
formula is: (C3H4O2)n PLA is commonly used in 3D printing and derived from starchy
vegetables such as corn. Due to the starchy nature, it can allow the material to function
similarly to its petroleum-based competitors.
Wood Filled PLA – According to Filamentive.com, Wood PLA is a PLA-based
composite 3D printer filament – a specially formulated, unique blend. 20-40% of the
formula is made from recycled wood fibers, 60-80% being recycled PLA.
Bio-materials – According to the EPA, Biobased materials refer to products that mainly
consist of a substance (or substances) derived from living matter (biomass) and either
occur naturally or are synthesized, or it may refer to products made by processes that use
biomass. Following a strict definition, many common materials, such as paper, wood, and
leather, can be referred to as biobased materials, but typically, the term refers to modern
materials that have undergone more extensive processing. Materials from biomass
sources include bulk chemicals, platform chemicals, solvents, polymers, and
biocomposites (some materials may fall under more than one category).
Additive Manufacturing (AM) – Additive manufacturing is the process of selectively
depositing materials using a 3D printing process, which optimizes material usage and
reduces waste.
Stick-Built – Stick built refers to the methods of building that use conventional building
materials such as lumber, bricks, etc.
ISO 140440 – ISO 140440 is the internationally recognized standard and framework for
conducting a credible life cycle analysis. It defines the parameters necessary to include
within studies to ensure that the information presented is relevant and accessible.
viii

IMPORTANT DEFINITIONS FROM ISO14044 STANDARD
Life Cycle - consecutive and interlinked stages of a product system, from raw material
acquisition or generation from natural resources to final disposal
Life Cycle Assessment - LCA - compilation and evaluation of the inputs, outputs and the
potential environmental impacts of a product system throughout its life cycle
Life Cycle Inventory Analysis - LCI- phase of life cycle assessment involving the
compilation and quantification of inputs and outputs for a product
throughout its life cycle
Life Cycle Impact Assessment - LCIA - phase of life cycle assessment aimed at
understanding and evaluating the magnitude and significance of the potential
environmental impacts for a product system throughout the life cycle of the product
Life Cycle Interpretation - phase of life cycle assessment in which the findings of either
the inventory analysis or the impact assessment, or both, are evaluated in relation to the
defined goal and scope in order to reach conclusions and recommendations
Comparative Assertion - environmental claim regarding the superiority or equivalence of
one product versus a competing product that performs the same function
Environmental Aspect - element of an organization's activities, products, or services that
can interact with the environment
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INTRODUCTION

The purpose of this study is to evaluate the life cycle and sustainability potential
for large scale additive manufacturing of 3D printed homes. Additive manufacturing is
the process of selectively depositing materials using a 3D printing process, which
optimizes material usage and reduces waste. I performed a preliminary comparative Life
Cycle Analysis (LCA) of a 3D printed home using bio-based materials; polylactic acid
(PLA) filled with wood flour, and wood fiber insulation against a traditional stick built
home. For the purpose of this study, I consider the Life Cycle Analysis to be the
environmental assessment of each stage of a product’s life cycle, from material sourcing,
processing, printing, functional life, to end of life. The result of the LCA found the global
warming potential of the 3D printed house to be less than half of that of the stick-built
house. As this is an emerging industry, there have been only a few projects nationwide
using 3D printers to construct single family homes at full scale.
In addition, this project will summarize the implications of the adoption of 3D
printed bio-based homes and how they impact the construction industry. Research into
the construction industry will include the importance of sustainability in construction.
Background of Project
This project is in partnership with the University of Maine Advanced Structures &
Composite Center (ASCC) and Oakridge National Laboratory, and is informally referred
to as the 3D Printed Home Project, and more formally named ORNL 3.1.1-3.1.4.. The
research is supported in part by funding from UT-Battelle, LLC with the U.S. Department
of Energy under contract DE-AC05-00OR22725 (Subcontract #4000174848) from a

1

National Science Foundation Innovation Corps grant. The grant encourages the ASCC
and top researchers to explore new capabilities of green technologies in hopes of
trailblazing new construction practices into the industry.
The primary goal of this research program is to develop lower cost bio-derived
materials and faster printing processes with improved precision when printing structures
to lower the overall cost of Additive Manufacturing (AM) to the point where it is
competitive as a scaled high-volume manufacturing technology.
The University of Maine’s ASCC and Oakridge National Laboratory’s proposal
for the research is to make a 3D printed test home out of biobased polymer. The house is
going to be a roughly 900 square foot, single family home. It will be printed modularly in
3 sections (Figures 1,2) using the Ingersoll, the world’s largest 3D printer, that the
University of Maine houses at the ASCC. Modules 1 and 3 are anticipated to take
approximately 8 days each to print, and module 2 is expected to take approximately 16
days, with a total print time of about 30 days. This data involving the print time for the
house was calculated by the project team and is included in Appendix A. Once printed,
the house will be transported across campus to the slab that has been pre-poured, and then
tied into it. Once this takes place, the fabrication process will begin. The current scope of
the print is for a house fixed with electricity, heating, and plumbing. This print will be
available to students as well as any visitors receiving a tour of the ASCC. The goal is for
the house to be mostly comprised of printed materials; with walls, floor, roof, and basic
shell of the structure to be printed. The walls are to be printed using a geometric shape
that allow for the placement of GoLab wood fiber insulation that will be blown into
house cavities (Figures 4-7) as well as for the placement of necessary utilities and other
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components. Ideally, our team will also print conduits to be able to push the electrical and
plumbing through in order to allow the house to be discreetly user friendly. The goal is
that once this house is printed and fabricated, it would be affordable and practical for
residents.

Figure 1: Floor Layout

Figure 2: Print Modules
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Figure 3: Conceptual Interior Elevation/Cross Section

Figure 4: Roof Section Example 1

Figure 5: Roof Section Example 2

Figure 6: Roof Section Example 3

Figure 7: Roof Section Example 4 with Insulation
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The project consists of 3 phases and is expected to last for 3 years. Each phase has a
specific objective. During phase one, which has already occurred, the project team
determined the feasibility of printing a structure of this nature, and established market
positioning based on projected success of the house print and fabrication. Determinations
involved in phase one included a cost estimate of the perspective 3D printed home in
direct comparison to a traditional stick-built home, which I performed. This primarily
involved conducting a complete estimate of a stick-built house to be revisited and
compared with a more comprehensive 3D printed cost estimate in later phases. By the
end of Phase One, our team printed a preliminary test cube using our initial printing
method and created mini wall sections to test the physical and mechanical properties of
the sections that better informed our design established in phase two. Phase Two, which
is our present stage, encompasses a more robust market analysis, preliminary design,
fabrication plan, transportation plan, and complete cost estimates of the 3D printed house.
Ongoing tasks include the development of construction documents, performance of
mechanical, chemical, and structural testing of the printed components of the house and
printing the house itself. During Phase Two our team is evaluating the house according to
ASTM E96, which is a water vapor transmission standard, and ASTM E2178, which is
the standard test method for air permeance of building materials. These were chosen with
the intent of evaluating air and water permeability of the house, which because of the
material that our team is using to print the house, Wood Flour Polylactic Acid (PLA), is
very important. In addition, special consideration of various building code requirements
for modular, affordable housing were evaluated throughout these processes. Phase Two
also includes the introduction of technical collaborations with industry partners in order
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to combine technologies and effectively coalesce techniques and research in order to
strengthen and improve the project through collaboration. A current industry partner of
ours is ASSEMBLY OSM (Assembly Off Site Manufacturing), which is a spin-off of an
architecture firm called SHoP Architects, based in New York City. Their vision and
expertise lay within the market of high-end modular units used residentially. These units
are mechanically fastened into a metal floor cassette that allows renovation more readily
for the owners of the units. SHoPArc’s goal is to enter the high scale, multilevel subsect
of the industry. Because of their goal, and our goal to find a way to introduce bio-based
3D printed technology in the market, through our collaboration, we are discussing the
integration of our wood flour PLA into the design of their floor cassettes, as opposed to
their current model that utilizes steel. In addition, throughout each phase our team has
continuously been conducting market interviews to gauge our stance and acceptance in
the market. Finally, Phase Two calls for a Life Cycle Analysis to be conducted. I am
going to use the International Organization for Standardization Environmental
Management – Life Cycle Assessment- Requirements and Guidelines (ISO 14044),
scholarly articles, the internal list of quantities of the materials used in the production of
the house, and the software, SimaPro version 9.2.0.2 to complete a preliminary Life
Cycle Analysis for this dissertation.
After Phase Two is completed, the project will conclude with Phase Three. The
overarching goal of Phase Three is to collect data from the house after it has been printed
and transported to its permanent location on campus. Our team has collected infrared
cameras, as well as additional equipment to gauge the efficiency of the house in real time
as it is occupied by visitors on campus. This data will then be used to make adjustments
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for future prints, that will ultimately allow the ASCC to produce an environmentally
friendly structure that is ready for integration into the market. While this happens,
additional research will be directed towards increasing the efficiency of the home as
much as possible. Some of this research includes a more complete life cycle assessment
that I will perform by the end of 2022 using similar methodology.
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LIFE CYCLE ASSESSMENT PORTION

An Introduction to Life Cycle Assessments
In this section, I will discuss the some of the reasons why life cycle assessments
(LCA) are important, what they aim to address, why I chose to complete one, and how
LCAs are structured. To me, the primary reason for conducting a life cycle assessment, or
any type of sustainable energy modeling for that matter, is the environment. While it may
be a smart business decision to utilize tools like life cycle assessments, which offer
additional benefits such as cost and material savings, the environment is the primary
driving factor. As our society increases its focus on combatting global warming and
protecting the environment, the critical role that we play as individuals to reduce
practices that contribute to global warming is more important than ever. This includes
being mindful about the structures and buildings we live in. “Buildings are the largest
consumer of energy and the greatest contributor to climate change in the United States consuming approximately 49% of primary energy and contributing 47% of greenhouse
gasses emitted annually,” (Russell-Smith, Lepech, Fruchter, & Littman, 2015).
Of the hundreds of green design tools that have been developed and risen in
popularity in the past decades, performance-based tools such as life cycle assessments
and energy simulation tools are deemed to yield the most accurate, specific, and
quantifiable results in terms of a project’s sustainability. This is in part due to the specific
factors that are mandatory to consider when utilizing said tools, rather than rating schema
or knowledge-based methods that can at times fail to consider these factors or be more
subjective and qualitative in nature (Russell-Smith, Lepech, Fruchter, & Littman, 2015).
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Life Cycle Assessments have been used in the building sector since 1990, however,
due to the pressing need to adapt our buildings because of our dire environmental
situation, and value-added incentives of utilizing said method, interest in incorporating
LCA methods into the building construction decision making process is on the rise
(Cabeza, Rincón, Vilariño, Pérez, & Castell, 2014).
I completed extensive research to understand the best way to quantify the value
added, both environmentally and cost-wise, to our 3D-printed home. A Life Cycle
Analysis appears to be the best way to do that, by evaluating the embodied energy at each
stage of its life cycle. A Life Cycle Analysis has its benefits for a number of reasons. One
benefit being that it will allow me to quantify the energy savings from the use of biobased
polymer as opposed to the use of traditional stick-built materials. Additionally, there are
not a lot of LCAs available that discuss the use of this material for this purpose, so it is an
area of exciting new potential, and our project has created a lot of quality data to be
shared.

Figure 8: LCA Framework Based on ISO 14044
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Shown above (Figure 8) is the framework as defined by ISO 14044 for a Life
Cycle Analysis. You can see the flow between the three sections defined on the left, Goal
and Scope Definition, Life Cycle Inventory Analysis (LCI), and Life Cycle Impact
Assessment (LCIA). I will follow this framework in this dissertation. In the Goal and
Scope definition, I will define the purpose of the study, whilst addressing the product
system to be studied, methodology for LCI and LCIA, as well as any limitations,
assumptions, functional units, and system boundaries for the LCA. In the LCI, I will
display the flow of the system life cycles, define the materials evaluated, provide
validation of data, take note of the functional unit of the data, and discuss how materials
are going to be evaluated in the LCIA. In the LCIA, I will introduce the selection of
impact categories, present data, and describe how the impact categories and data relate to
the chosen elements evaluated in LCA. The interpretation phase takes place throughout
the entire LCA, making sense of the data, and finally again at the end, where I will
describe challenges and benefits, and describe goals for future research,
Goal And Scope Definition of the Life Cycle Assessment
To conduct this Life Cycle Assessment, I used the software SimaPro. There are many
tools and methods that one could conduct an LCA and still have it be ISO compliant,
however, there are two software leaders in the industry for conducting an LCA. Those
two leaders are GaBi and SimaPro. Both offer a vast database of materials and can
produce reliable life cycle analyses for users. Through research and discussions with
experts in the industry such as Doug Gardner and Ed Pilpel, SimaPro is the software that
is recommended. SimaPro has a robust set of materials and processes encapsulated in its
databases, with a reputable history of leading this area of research for 30 years.
10

Part of what makes the ASCC’s 3D printed house so exciting is the use of
biomaterials and the potential for waste reduction, recyclability, and biodegradability.
There are different types of LCAs possible, and the one that best encapsulates that value
added would be a cradle to cradle life cycle assessment, to discuss the house from the
stages of production (including the potential use for recycled wood PLA in the initial
print), all the way to the end of one product’s life to the beginning of another’s with the
potential of recyclability.
A goal of this research (and LCA) is to inform readers about the potential for new
building materials and methods to be integrated into the construction industry. If the
ASCC team can print this house and offer a quality product that is easily integrated into
the market, offers cost and time savings, limits material usage and waste, and reduces the
need for skilled labor, all while being a more sustainable option, this could have a huge
impact on the construction industry. By the ASCC adopting the initial potential for
failure, and creating a sample home, it allows us to identify and overcome potential
problems, and offer a trustworthy, groundbreaking product to the construction industry
and to the consumers who are desperately searching for (affordable) housing. A goal of
this research is to evaluate the actual difference in efficiency between house assembly
methods (3D Printed versus Traditional stick-built). I will be doing this through an LCA
to display the potential added value found in adopting these newer methods and
materials.
Some assumptions must be made about the materials and methods used in the
houses. For this LCA I looked at the materials that are unique to the 3D printed home and
compare those to their traditional stick-built material counterpart. The primary difference
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between the two structures is the rough framing, so those are the areas which I will be
evaluating. Based on that premise, I am assuming all other materials and material
processes in the two houses to be identical and therefore negligible in the study despite
the few inevitable differences. I am also assuming that the structures evaluated are going
to be 84 m2 in size, which corresponds to the approximately 900 sf footprint of the 3D
Printed house that we are producing at the ASCC. Another assumption I am making is
that both houses will have a 50-year lifespan. This is based on the American Housing
Survey (AHS) conducted in 2019, that found the national median year that houses were
built in the U.S. was 1978, making the median house age 44 years old in 2022. However,
length of a house’s life can be increased drastically with proper maintenance and care,
with houses easily lasting 60-100 years, or even longer (Gupta, 2020).
A clear limitation in this LCA, seeing as it is a preliminary study, and an
emerging technology, is that there is not enough data to fully understand the complete life
cycle of the 3D printed home. For ease of this LCA, I am going to evaluate the system
within very specific bounds. These bounds include only looking at specific materials
within the house, and only looking at them from the creation of material to the end of the
assumed 50-year life span of the house. This does not allow for a more complex analysis
of material system loops, which can be defined as either open or closed loop. A system
loop exists on the premise that at the End of Life stage of a system (the system in this
case would be either the 3D printed or stick-built house modeled in this study), the
materials used in the house that are salvageable would be repurposed in another system
process. This other system process could be for either the same intended use as it was
initially utilized, which would be considered closed loop, or for another use which would

12

be any number of things, which would be considered open loop. ASCC’s goal is for the
salvageable materials at the end of the 3D Printed House’s life cycle to be reused for both
additional houses and alternative purposes, which would make the system both close and
open looped. That sort of model is very complex and challenging to model accurately.
The materials and processes evaluated in the 3D Printed House model are the
blowing in of wood fiber insulation, and printing of wood flour polylactic acid (PLA).
Due to 3D printing biomaterials being a relatively new practice, the specific process for
extruding PLA or other biomaterials does not exist in the EcoInvent database that
SimaPro uses as a foundation for the software. Because of this, I assumed that the process
‘extrusion of plastic pipe’ was comparable to the process of that of extruding PLA. In the
LCI section a simplified diagram of what was evaluated for the 3D Printed house is
shown in Figure 11.
For the Stick Built model, the general materials evaluated are fiberglass
insulation, various lumber used for framing, sheathing, and metal fasteners. A simplified
diagram of the stick-built model is shown in Figure 10 in the LCI section.
The Life Cycle Inventory Analysis (LCI) Phase
Figure 9 depicts the flow of both systems’ life cycle. It is broken up into
categories including the stage before use, which is often referred to as the BoL stage, or
Beginning of Life stage. The BoL stage encapsulates the product stage and construction
phases which further include the raw material derivation and transportation, and product
manufacturing. This BoL stage is arguably one of the more energy intensive stages,
which includes the production of the bio-materials, the extrusion of PLA and production
of Wood Fiber Insulation, and the fabrication and transport of house to the project site.
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From there, the use stage, Middle of Life stage (MoL), begins. This use stage includes
use of the house, maintenance, refurbishment, operational energy, water, etc. I am
assuming that the duration of the use stage lasts as long as the average house life, 50years (Coleman, 2021). The next stage of life is called the End of Life or EoL. The EoL
stage is complex but concludes the first product life cycle occurring in this system life
cycle. This EoL stage includes the biodegradation of materials, remanufacturing and
reuse of salvageable materials, and as a last resort disposal of waste.

Figure 9: System Life Cycle based on ISO 14044

At each stage of a product life cycle, there are inputs and outputs that are
considered. It is important to note that environmental outputs and inputs that occur in
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sub-processes of a system (such as the harvesting of material, processing of material to
get it to the raw material stage, or 3D printing/extruding) must be included in the overall
analysis of environmental impact. For the purpose of this study, the project will be
evaluated as a system, as opposed to a unit process, which looks at individual
components or materials rather than the whole system. Analyzing systems rather than
units (specific materials) in SimaPro offers a more accurate, reproducible result. ISO’s
primary rule for conducting an LCA is to do process allocation based on physical causeeffect relationships. This is often simplified and interpreted to mean that the
environmental load of a product (or material in a system) is allocated by mass. This
means that within a sub-process of a system, all products within that system will be given
the same impact per unit mass (IVL Rapport B2004). Thus, all of the calculated impacts
of all products in a system are added together, then divided up based on the percentage of
that material in the system. For example, if a coffee pot weighed 3kg, and 1kg of that
coffee pot was made of glass, then 1/3 of the total impact would be counted as the glass’
contribution of impact regardless of whether or not the impact of the glass actually
accounted for a third of the impact.
A crucial part of creating an LCA in SimaPro is selecting a project library, or
database, that will have the most relevant and robust set of information to access. Having
a reliable database can help ensure that you can create product systems and lifecycles in a
more reliable, accurate fashion. The most common database internationally is the
EcoInvent V3 database, which is the gold standard of life cycle inventory databases
across the board and the default for SimaPro. Another great database that was used in this
LCA was the USLCI Database, or U.S. Life Cycle Inventory Database. This is an
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American database that provides specific data local to the US and various regions around
the country.
In addition, in SimaPro, when selecting various material, energy, or transportation
processes and their data, you can select an APOS, Allocation at Point of Substitution, or a
Cut-Off approach. For this study, due to the complexity and greater potential for
inaccuracy when using APOS approach, I will be using a Cut-Off approach. This
approach allocates environmental burdens to the point where a product is sold and applies
a cut-off point at which recyclable material leaves the product system, meaning that once
a product is at the extent of the product’s first life cycle, it’s prior life cycle will no longer
be considered in future life cycles it may take part in. This method also can lean itself
toward the understanding that products made from recycled materials are free from
previous subproducts or subprocesses. This can be useful at times when looking through
the lens of actual environmental load produced as a result of the system, rather than all of
the system’s material derivation processes as well. Essentially by utilizing recycled
materials, it can skip the raw material phase of the life cycle and go right into the
processing or use phase.
For this comparative life cycle assessment of single-story stick-built structure and
single-story 3D printed structure, it is necessary to set up the respective products and
their corresponding inputs into SimaPro. I experimented with many different methods to
create product systems or assembly processes that produced outcomes that were
satisfactory and repeatable. Ultimately, I decided to make a copy of a product system that
was pre-existing in the USLCI Database in SimaPro about a wood building structure and
essentially gut their contents, aside from the framework of this product. This was done to
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minimize possible errors in comparison parameters. I changed the product process to a
system process rather than a unit process (for ease as mentioned) and made sure that this
product was going to be evaluated with a 50-year service life.
For my stick-built product system (Figure 10), I removed everything but the
insulation and materials that would be used for framing the house seeing as those are the
primary components that differ between the two structures. While I kept the lumber
types, I adjusted the quantities to those calculated for the stick-built house below (Table
2). For the insulation I adjusted it to a wool glass mat insulation and inputted the
calculated mass for the insulation based on the density (40g/cm3).

Figure 10: Stick-Built Network Diagram

For the 3D Printed house system (Figure 11), the same process was repeated,
removing unnecessary processes from the system. I adjusted the insulation type to the
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wood fiber that was blown in, and then calculated the mass based on the product’s
density (50 g/cm3). Next, in place of the lumber and materials used to frame the house, I
replaced it with the PLA, and the process I had created that emulated the print of the
house via extrusion of PLA. The quantity entered in the PLA slot was also the quantity
calculated below in Table 1.

Figure 11: 3D Printed Network Diagram

Material Quantity Input Calculations
As mentioned, the units used in SimaPro when making the comparison and
running the analysis is mass, in kilograms, kg. Because of that, in Tables 1 & 2, there are
the calculations to determine the mass of each material in the systems being compared.
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For consistency, the assumption was made that the volume of insulation would be the
same between the two home types. For the stick-built home, I found a general estimate of
the number board feet per square foot in a home (Home Preservation Manual, 2018).
Board feet (BF) is a unit of volume used for lumber in the United States and Canada
(Woodmizer.com, 2022). You can see these quantities depicted in the tables below.

Table 1 – 3D Printed Home Calculation

3D Printed House Calculations
Property:
Area (SF):
Width (ft):
Volume (m3):
Density (kg/m3):
Weight(lbs):

Material:
Wood Fiber Insulation
1242
7"/12"
20.5297
50
Amorphous PLA
60000

Mass (kg)
1027

27216

Table 2 – Stick-built Home Calculation

Stick-Built House Calculation
Property:
Area (SF):
Depth (ft):
Volume (m3):
Density (kg/m3):
Estimate of BF/house SF
SF of House
Total BF
Density – Douglas Fir (lb/ft3)
Volume (ft3)
Weight (lbs)

Material:
Fiberglass Insulation
1242
7"/12"
20.5297
40
Wood Framing
6.3
900
5670
33
472.5
15593
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Mass (kg)
821

7071

Below are brief descriptions about the materials highlighted in the 3D printed structure.
Wood Fiber Insulation

Figure 12: TimberHP Loose Fill Wood Fiber Insulation (TimberHP, 2022)
(Also seen in Figure 7)

Insulation properties of wood have been utilized for centuries and first introduced into
the market in the 1930s in both Europe and the United States. It wasn’t until the 1990s,
however, that wood fiber insulation began to penetrate the market (Fine Home Building,
2021). From the 1990s through today, the adoption of wood fiber insulation has been
growing in popularity among European countries such as Germany, Switzerland, and
Austria (Guan, Walmsely, & Chen, 2015). Only recently is it being re-adopted in the
United States, offering large environmental savings at a competitive cost.
The insulation that our team is using is called Loose Fill Wood Fiber Insulation. It is
produced by TimberHP, which is owned by parent company Go Lab. Wood fiber
insulation is a new “insulation that can be recycled, is biodegradable and its production
doesn’t expand the carbon footprint, yet is more efficient than fossil-fuel competitors
(Mainebiz, 2020).” According to TimberHP’s website, “each process begins with the
same raw materials: wood chips, left over from lumber production, and low-value woody
20

debris from FSC certified forestlands. The manufacturing processes diverge once the raw
material is ground up... To make loose fill, we steam the wood fiber, refine it, mix it with
borate and send it through a flash tube dryer (TimberHP, 2021).” By fire treating the
wood fiber with borate, the process helps to prevent risk of fire, insects, fungi, and other
animals. The Loose Fill Wood Fiber insulation has a class A flame spread rating, and an
R-value of 3.8 per inch, which is great in comparison to traditional blow in insulation
with average R-values of 2.2-2.7 per inch (Eponline, 2017). These properties make it a
promising product to be utilized in the bio-derived (synonymous with bio-based) home,
where it can be blown into difficult spaces while still offering quality insulation
properties and environmental savings.

Wood Flour Polylactic Acid

Figure 13: Wood PLA pellets

Figure 14: Wood PLA test print

Wood Polylactic Acid (PLA) is considered a bio-material, which is a polymer
made from the starchy materials in vegetables or vegetation as opposed to traditional
fossil fuels or petrochemically derived polymers that we commonly see. The PLA is
made from a ratio of about 60-80% PLA and 20-40% wood flour. The wood filled
component of the PLA is from vegetation such as corn husks, bamboo, cassava,
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sugarcane and beets (Natureworks LLC, 2022). The significance of biomaterials and its
long-term impact is that it is considered biodegradable, which means that in the future,
these products may lead to less material ending up in the landfill or oceans, thereby
harming our environment and wildlife.
PLA has an extensive history of uses ranging from use in the medical field,
packaging, and additive manufacturing from small items to large-scale building uses. One
of the benefits of PLA is its promising positive impact on the environment as a
biomaterial. In addition to this, while somewhat brittle, the properties of PLA can be
significantly enhanced with the addition of various nano additives such as cellulose
nanofibrils (CNF). These additives are placed in a way that improves the material’s
matrix, thus improving structural and mechanical properties. At the ASCC, we have had
promising results with the addition of cellulose nanofibrils, improving the properties of
PLA to those comparable to carbon fiber, a material used frequently in design of products
in industries such as automobiles and aerospace, with items such as racecars and aircrafts
being produced frequently and reliably.
There are different types of PLA; crystaline, and amorphous (or semi-crystaline).
In this study, the ASCC is using amorphous PLA, or, more specifically, Ingeo 3D700
(Appendix B), a product produced and sourced from the leading polylactic producer in
the country, NatureWorks LLC, which is “ideal for large-format additive manufacturing,
providing a significant reduction in warping, which minimizes print failure (NatureWorks
LLC).” Amorphous PLA is “a semi-crystalline material, meaning parts of the material's
molecular structure are ordered into crystals while the rest is disordered, or
amorphous, like glass” (Baker, Azagury, & Mathiowitz, 2016). Amorphous PLA offers a
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slowed degradation rate, a promising quality to possess when the largest potential
drawback of this use of PLA is the rate of degradation. Degradation of PLA is dependent
on time, temperature, moisture content, crystallinity, molecular weight, and water
diffusion. PLA begins to undergo thermal degradation at temperatures above 392°F, and
under typical use conditions, PLA is very stable and will retain its molecular weight and
physical properties for years (Farah, Anderson, & Langer, 2016). In general, the higher
the molecular weight, the more solid the material, and better mechanical properties and
performance (PolymerDatabase.com, 2022).
To see the entire Life Cycle Inventory itemizing every material accounted for in
this life cycle analysis, see Appendix C.
The Life Cycle Impact Assessment (LCIA) Phase
Next in this section of the LCA, the impact of the of the product systems will be
evaluated, and I’ll provide some meaningful metrics to contextualize the impact of these
systems. Before that is addressed, it might be useful to discuss the concept of weighting
and normalization in LCAs. ISO 14044 mentions the use of normalization of data when
analyzing systems. Weighting allows the data collected by SimaPro to be interpreted into
categories of impact. These impact categories are determined by the presence of various
units of materials. For this project, I used data normalization from GPP Life Cycle
Indicators with Sequestration V2. This investigates categories of impact including Global
Warming Potential, Ozone Depletion, Human Toxicity (Cancer), Human Toxicity (noncancer), Photochemical Ozone Creation, Particulate Respiratory Effects, Ionizing
Radiation, Eutrophication, Freshwater Ecotoxicity, Potential Abiotic depletion,
Cumulative Energy Demand, and Land Occupation. All of these impact categories are
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depicted in Figure 15 where the amount of impact for the 3D printed house is compared
to the amount of impact of the stick-built house in percent. Appendix D displays the units
and quantities of each impact category that the GPP Life Cycle Indicator offers.
Results

Figure 15: Impact Assessment Comparison of 84m2 3D Printed House with 84m2 Stick Built House
Model GPP Life Cycle Indicators With Sequestration V2.00 / Characterization

Figure 15 does a great job of displaying the clear difference in each impact
category between the 84 m2 homes, with the stick-built being in light green, and the
3D printed home being dark green. With that being said, for the purpose of this study
I am going to focus on specifically the Global Warming Potential, which is measured
in kg of CO2 equivalent.
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Figure 16: Global Warming Potential, Percentage kg CO2 eq Comparison of 84m2 ‘3D Printed House’
with 84m2 ‘Stick Built House Model’ using GPP Life Cycle Indicators With Sequestration
V2.00/Characterization

Figure 17: Impact Category Quantities for Global Warming Potential, kg CO2 eq Comparison of 84m2
‘3D Printed House’ with 84m2 ‘Stick Built House Model’ using GPP Life Cycle Indicators With
Sequestration V2.00/Characterization

In Figure 16, you can see that the 3D Printed House Model produces about half
(48.4%) of the percentage of CO2 equivalent of the stick-built model. Carbon Dioxide
(CO2) is the most common greenhouse gas that is emitted in the world. The quantity of
Carbon Dioxide produced and released into our atmosphere is directly associated with the
advancement of global climate change (USGS.gov, 2022). The amount of CO2 produced
in the systems analyzed and shown in Figure 17, is 20,200 kg (3D Printed House) of
Carbon Dioxide as opposed to 41,800 kg (Stick-built model) of Carbon Dioxide. The
difference of Carbon Dioxide between the two models is the equivalent, according to the
EPA, to the amount of carbon that could be sequestered by 25.6 acres of U.S. Forests in a
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year (EPA.gov, 2022). This difference, the amount of 21,600 kg of CO2 eq, is also equal
to 23,898 pounds of coal burned (EPA.gov, 2022). That means that by adopting these
technologies, the amount of CO2 production could be cut in half. If just 10 of these
houses were produced, the amount of greenhouse gasses avoided would be the equivalent
of approximately 10,000 trash bags of waste being recycled instead of landfilled
(EPA.gov, 2022). These findings offer promising potential for the environmental savings
found in both large and small scale adoption of 3D printed biomaterial methodology in
homes.
The Life Cycle Interpretation Phase
In this Life Cycle Analysis on SimaPro, I conducted a comparative LCA of
materials that varied between the stick-built materials and methodologies, including
traditional wood framing and fiberglass insulation. I compared this to the 3D printed
materials and methodologies, utilizing wood fiber insulation and extruded wood flour
PLA. The functional unit for both structures was an 84 m2 structure with a service life of
50-years.
Since this is all preliminary data, even though SimaPro is the industry standard, I
have limitations as a researcher in my use of the program, and there is clear room for
human error in these calculations. Due to SimaPro being such an established program
with so much useful data and capability, my experience is that the more complex and
accurate the system you create, the longer it will take to calculate an analysis or
comparison of that system. It can take hours to calculate a single comparison between
systems. This poses challenges to conducting an LCA that is without fault. In addition,
due to the nature of this project, it is unknown how this home compares to a traditional
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stick-built in practice, as this is a first generation of an additive manufactured home using
biomaterials. This thesis and the research data is preliminary work to establish potential
expectations and identify projected outcomes.
A goal for future research includes conducting the LCA at a point prior to the
design stage when design decisions are still pliable. Russell-Smith, Lepech, Fruchter, &
Littman emphasize the importance of integrating life cycle assessments iteratively into
building designs, rather than during design stage or after (2015). Various sources and
studies have shown that the earlier an environmental or energy assessment is conducted,
the greater the potential to effectively influence the life cycle performance of a building
(Russell-Smith, Lepech, Fruchter, & Littman, 2015). In addition, the earlier in the project
timeline that these assessments are performed, the more cost effective it is to integrate
green components or technologies in a project. Because of the nature of this project and
limitations regarding the honors thesis timeline, many of the major design decisions have
been made at this point, aside from small elements such as specific finishes like paints,
flooring, or appliances used.
Another goal of this study would be to further evaluate the life cycle systems,
offering a more comprehensive view of the life of the building, including other materials
aside from strictly insulation and framing properties. If I could include all major materials
in the system subprocesses and evaluate the system until the end of the product’s life
cycle and into future projects, then I could present a more comprehensive understanding
of the real emissions produced and potential value added by the 3D printed structure in
comparison to traditional building methodologies.
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Due to the complexity of end of life and placing parameters on product life cycles
when conducting LCAs, it is important to acknowledge the complexity and presence of
both open and close loop life cycles and supply chains that occur concurrently at the end
of life stage. To do this, I recommend adoption of the Cascade Use methodology to
“identify additional and value-added end of life solutions for products and materials,”
(Kalverkamp, Pehlken, & Wuest, 2017). The objective of cascade utilization is to delay
inevitable final sinks such as energy recovery and landfilling by retaining products,
components, and materials on higher cascade levels for longer periods (Kalverkamp,
Pehlken, & Wuest, 2017). In their figure of Cascade Utilization of Wood (Figure 18) you
can see the loop that occurs once the initial use of said product or material reached its
supposed “end of life.” The limitations of this study becomes more clearly defined
through this lens. While this preliminary Life Cycle Assessment provides initial insight
for the energy savings and environmental benefit of adopting 3D printed bio-based
structures, it fails to fully address and encapsulate the potential for reuse,
remanufacturing, and recyclability of the PLA and other materials within the house.

Figure 18: Cascade Utilization of Wood/lignocellulose (Kalverkamp, Pehlken, & Wuest, 2017)
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In future research, the goal when manufacturing 3D printed homes is to be
mindful of designing the product for circular product life cycles (PLCs). An example of
this could be PLA being melted down and repurposed or reused as printable material for
additional homes, or potentially other objects that are less reliant on their mechanical and
structural properties. Any materials that may be suitable to participate in an open or
closed loop life cycle then could be recycled and only as a last resort, disposed of. By
being intentional and defining an end of life plan as well as evaluating cascading options
at the beginning of life, and revisiting it throughout the product’s life cycle, the result is
value added for both the environment and the original equipment manufacturer, with
potential lifecycle management beyond just a first or second product life (Kalverkamp,
Pehlken, & Wuest, 2017). This mindfulness from the manufacturer also plays a massive
role in determining whether or not additional product lifecycles will emerge as a result of
a product’s end of life.
Seven primary factors influence a customer’s intention to accept and use
technologies. One is the DIY Mentality, or the understanding that the interest and use in
3D printers often goes hand in hand with the desire to “create and personalize the
products they consume (Halassi, Semeijn, & Kiratli, 2019).” With this DIY mentality in
mind, it is apparent the clear draw and appeal of a stick-built home is having the agency
to customize one’s home with traditional methods. Due to large scale additive
manufacturing of biomaterials being quite new, the ability to renovate and repair these
homes is still unclear. While there are methods that our team expects the user to be able
to adopt when making future repairs, there is no set industry standard in place. This
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uncertainty regarding ability to customize one’s home serves as a challenge and potential
drawback to the consumer when selecting a method of home building.
It is clear that understanding how to make renovations is crucial to producing a
product worthwhile of being adopted by the consumer. There are obvious limitations
regarding the accessibility of material, 3D printers, and methods. The hope is that the
construction industry and our project team can determine how to make renovations on a
level of difficulty comparable or lesser to that of a traditional stick-built home.
Because this is a preliminary Life Cycle Analysis, only the inputs and outputs of
the assembly process and subprocesses are evaluated. Therefore, the information from
SimaPro did not fully encapsulate the entire life cycle of the structure, despite efforts to
do so. In addition, there is currently no standard process to capture the waste savings in a
Life Cycle Analysis. For that reason, that area of value added is not considered in this
study of using additive manufacturing.
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CONCLUSION

In conclusion, once this 3D house is printed and more original data is captured,
we can begin to understand the amount of waste produced by the 3D printed home and
compare that to industry baselines involving material waste on residential jobsites. The
significant reduction in waste, budget and scheduling shown collectively in the house
project team’s research shows great promise to positively impact the construction
industry, and homeowners that may not have access to these newer construction methods.
There are many avenues to make 3D printed home technology accessible and
significantly benefit communities and the environment which is to be further evaluated as
the project progresses. This display of energy and environmental savings from this life
cycle assessment provides incentive to adopt, if nothing else, an open mind for utilizing a
3D printed home.
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